One-pot multi-reaction processes involving Overman rearrangements, metathesis cyclizations, and Diels-Alder reactions have been developed for the rapid and efficient synthesis of aminosubstituted carbocyclic and heterocyclic compounds. This account describes the development and optimization of these processes, as well as their applications in the synthesis of natural products and drug-like scaffolds.
Introduction
In the push for greener and more-efficient methods of synthesizing important organic compounds and their intermediates, the need to isolate and purify each product in the synthetic route is time consuming and is responsible for most of the waste generated. Consequently, an increasing number of syntheses involve one-pot processes. These can be broadly separated into two categories: domino or cascade reactions in which the substrates are designed to undergo several reactions without the addition of further reagents or catalysts, and multistep multi-reaction processes in which reagents and catalysts are added during the process as needed to generate the target product. [1] [2] [3] Such processes eliminate the need for isolation, handling, and purification of intermediates, and they generally form the target compounds efficiently and with minimal waste.
The use of one-pot multi-reaction processes, termed 'pot economy' by Clarke and co-workers, 4 has been very effective in preparing medicinally important compounds and natural products. 4, 5 The power of this approach has been elegantly demonstrated by Hayashi and Umemiya in their three-pot synthesis of prostaglandin E 1 (PGE 1 ) methyl ester (Scheme 1). 6 The prostaglandin skeleton 1 was constructed in 81% yield by a one-pot reaction involving an asymmetric organocatalytic Michael reaction, an intramolecular Henry reaction, and a Horner-Wadsworth-Emmons (HWE) reaction. Of the eight possible diastereomers, only three were formed in a ratio of 76:17:7. Stereoselective reduction of the ketone and a second one-pot multistep process involving functional group transformations of the cyclopentyl ring completed the total synthesis of PGE 1 methyl ester in 14% overall yield. Scheme 1 Three-pot total synthesis of PGE 1 methyl ester Our contribution to the development of one-pot multireaction processes was born from our frustration in having to optimize trivial synthetic steps during early projects within the Sutherland group. One of the first processes that we discovered was an ether-directed palladium(II)catalyzed Overman rearrangement 7 that permitted the diastereoselective synthesis of anti-vicinal amino alcohols. 8, 9 Mechanistic studies with a range of substrates in non-coordinating solvents showed the MOM ether to be the most effective directing group, with both oxygen at- On optimization of this process, we used the anti-vicinal amino alcohols in efficient preparations of a range of nat-ural products, including β-hydroxy and γ-hydroxy α-amino acids, 10 the alkaloid (+)-monanchorin, 11 and amino alcohols such as clavaminol H and D-erythro-sphinganine. 12, 13 However, in completing some of these routes, we were spending more effort in optimizing trivial steps rather than the key transformations. 14 A good example of this was our synthesis of the alkaloid α-conhydrine (5; Scheme 3). 15 After optimizing the MOM ether directed Overman rearrangement to give the protected anti-vicinal amino alcohol 2, our aim was to functionalize the amine with an alkene moiety that could then undergo a ring-closing metathesis (RCM) reaction to give the piperidine ring of α-conhydrine (5). Our initial plan was to alkylate the trichloroacetamide 2 with 4-bromobut-1-ene. However, various attempts with different bases and the addition of sodium iodide all merely produced reduced amounts of the starting material. Similar results were obtained with a tert-butoxycarbonyl derivative and with the unprotected amine. Eventually, an acylation strategy with but-3-enoyl chloride gave diene 3, which then readily underwent a facile RCM reaction. While this approach did complete the total synthesis, further work was required to optimize the penultimate step, the reduction of the δ-lactam.
Scheme 3
It was this particular project that led us to consider whether compounds could be designed to undergo an Overman rearrangement followed directly by an RCM reaction without any intermediate step. We also considered the possibility of whether both reactions, each using a different transition-metal catalyst, might be conducted in the same reaction vessel. This account describes our efforts to develop and optimize one-pot multi-reaction processes involving the Overman rearrangement and metathesis reactions. We discuss the extension of these processes to include additional steps, such as Kharasch cyclizations or Diels-Alder reactions. We also show how the synthetic products generated from these one-pot multi-reaction processes have been used to provide rapid access to natural products and privileged structures for medicinal chemistry.
A One-Pot Overman Rearrangement and Ring-Closing Metathesis Reaction

Scope and Limitations
Our first targets for a one-pot Overman rearrangement and RCM reaction process were cyclic allylic trichloroacetamides, such as 7, which we believed might be formed from allylic trichloroacetimidates 6 bearing an alkene side chain (Scheme 4). We felt that easy access to compounds such as 7 would be of general interest, as these have been used as synthetic intermediates for a range of processes, including directed oxidations, 16,17 ruthenium-and nickelmediated radical cyclizations for the preparation of bicyclic γ-lactams 8 and 9, respectively, 18, 19 and ring-closing iodinations to give bicyclic 4,5-dihydro-1,3-oxazoles such as 10. 20
Scheme 4
An important aspect of this program of research was to demonstrate that the substrates for our one-pot multi-reaction processes could be easily and efficiently prepared from commercially available starting materials. A threestep route to the required alkene-derived allylic alcohols was devised that used a one-pot multi-reaction process (Scheme 5). 21 Commercially available alcohols such as hex-5-en-1-ol were subjected to a one-pot Swern oxidation and HWE reaction to give the corresponding (E)-α,βunsaturated esters in 69-90% yield. 22 The high yields from this one-pot two-step process arose from a combination of not having to isolate the volatile aldehyde intermediates and the mild Masamune-Roush conditions for the HWE reaction. 23 Although other organophosphorus alkene-forming reactions were investigated for the synthesis of the α,β-unsaturated esters, only the HWE reaction consistently gave the E-isomers as the sole products. Reduction of the esters by using 2.2 equivalents of DIBAL-H gave the (E)-allylic alcohols in high yields (81-100%).
Development of our first one-pot multi-reaction process began with the conversion of (2E)-octa-2,7-dien-1-ol (11) into the corresponding allylic trichloroacetimidate 12 by treatment with trichloroacetonitrile and a catalytic amount of DBU (Scheme 6). 21 At the end of the reaction, and without purification, the allylic trichloroacetimidate 12 was subjected to an Overman rearrangement in the presence of bis(acetonitrile)palladium(II) chloride (10 mol%). After three hours, Grubbs' first-generation catalyst (10 mol%) was added. When the reaction was shown to be complete by TLC and NMR spectroscopy, purification Ni, AcOH, Cu(OAc) 2 N-iodosuccinimide n = 0,1 n = 0,1 n n 6 7 8 9 10 gave the cyclic allylic amide 14 in 89% yield over the three steps. Slightly higher yields were obtained by using either Grubbs' second-generation catalyst or the Hoveyda-Grubbs second-generation catalyst to effect the RCM step. Note that although these catalysts were slightly more efficient in producing 14, most applications of this onepot process use the significantly less-expensive Grubbs' first-generation catalyst. Although we were delighted by the outcome of this first one-pot multistep process, we wanted to show that a domino-type procedure could be performed by adding both palladium(II) and ruthenium(II) catalysts simultaneously to the allylic trichloroacetimidate 12. However, this gave the allylic trichloroacetamide 13 exclusively. This is probably the result of the known process of deactivation of RCM catalysts by acetonitrile, which was released from the palladium(II) catalyst. 24 We briefly studied catalysts such as palladium(II) chloride for the rearrangement step, and although this did lead to the preparation of 14 by a one-pot domino-type process, the overall process was slower and less efficient because of the lower solubility of the catalyst.
Scheme 6
Next, we examined the scope of the two-step process using the stepwise addition of catalysts for the preparation of other ring sizes ( Figure 1 ). 21 Both the cyclopentene and cycloheptene analogues were prepared in high yields under similar conditions to those used for cyclohexene 14.
Application of the one-pot process with Grubbs' first-generation catalyst in the preparation of the cycloctene analogue gave only the rearrangement product. However, a lower reaction concentration (0.0013 M) and the use of Grubbs' second-generation catalyst at a higher loading (20 mol%) gave this challenging target in 62% overall yield. Because we wanted to use the one-pot, two-step process for the synthesis of natural products, we decided to develop an asymmetric version. Richards and co-workers had reported the preparation of chiral palladium(II) catalysts, 25 such as (S)-COP-Cl (15) , and, in collaboration with Overman's group, had shown that these catalysts could be used in an efficient rearrangement of allylic trichloroacetimidates with excellent enantiomeric excesses. 26 Use of commercially available 15 in our one-pot process gave the (S)-cyclohexene amide (n = 1) in 88% ee and 90% yield over the three steps (Scheme 7). 21 Similar levels of asymmetric induction for the preparation of the opposite enantiomer were obtained by using (R)-COP-Cl. More recently, the COP-Cl catalysts have been used for the asymmetric synthesis of rings of other sizes; 27 for example, the (S)-cyclopentene analogue (n = 0) was obtained in 88% yield and 92% ee (Scheme 7).
Scheme 7
Applications of the One-Pot Two-Step Process
The first application of the one-pot two-step process was a short asymmetric synthesis of the tropane alkaloid (+)physoperuvine (19; Scheme 8). 28 An asymmetric Overman rearrangement and an RCM reaction gave cycloheptyl amide 16 in 82% yield and 84% ee. A single 
DIBAL-H, Et 2 O
-78 °C to r.t. n = 0, 1, 2, 3 n = 0 (77%) n = 1 (69%) n = 2 (72%) n = 3 (90%) n = 0 (82%) n = 1 (87%) n = 2 (100%) n = 3 (81%) OH Cl 3 recrystallization of 16 improved the enantiomeric excess to >99%. A switch of the amine-protecting groups followed by methylation gave carbamate 17 in 84% yield over the two steps. Allylic oxidation with tert-butyl hydroperoxide and selective hydrogenation of the alkene in the presence of the ketone gave the oxo carbamate 18. Finally, trifluoroacetic acid mediated removal of the tertbutoxycarbonyl protecting group resulted in cyclization to complete a total synthesis of (+)-physoperuvine (19) .
Scheme 8
The ease of functionalization of the products generated by the one-pot two-step process was further demonstrated by the rapid synthesis of dihydroconduramines, which can mimic oligosaccharides and act as inhibitors of glycosides. 29 Initially, the (S)-cyclohexene amide generated from the asymmetric one-pot process (Scheme 7) was treated with N-iodosuccinimide to give the corresponding 4,5-dihydro-1,3-oxazole 20 as a single stereoisomer (Scheme 9). 20 Elimination of hydrogen iodide and hydrolysis of the 4,5-dihydro-1,3-oxazole under mild conditions gave the allylic alcohol 21 in 60% yield over the three steps.
Scheme 9
We then conducted a study on the stereoselective dihydroxylation of allylic alcohol 21 for the synthesis of dihydroconduramines. 29 Directed epoxidation with m-CPBA gave the syn-isomer 22 in 69% yield (Scheme 10). Regio-selective hydrolytic ring opening of the epoxide under acidic conditions and removal of the trichloromethylcarbonyl protecting group gave ent-dihydroconduramine C-1 (23) in excellent yield. Dihydroxylation of 21 under Upjohn conditions occurred by a nondirected mechanism 30 to give triol 24 in 56% yield as a single stereoisomer (Scheme 10). Removal of the amine protecting group by basic hydrolysis gave dihydroconduramine E-1 (25) in good overall yield.
Scheme 10
Although only two members of the dihydroconduramine family were prepared by this approach, the study demonstrated how the building blocks generated from our onepot two-step process can be quickly functionalized in a highly stereoselective manner. As well as carbocycles, N-heterocycles were also prepared by using the one-pot two-step process. For example, hydroxylated 3-aminoazepanes, motifs found in natural products and medicinal agents, were prepared by using a combination of the one-pot multi-reaction process and directed oxidations. 31 Initially, 2-aminoethanol (26) was converted into the allylic alcohol 27 in seven steps and 53% overall yield by using a strategy involving alkylation of the amine with 4-bromobut-1-ene, followed by extension of the carbon chain using a one-pot Swern oxidation and a Wittig reaction (Scheme 11). Conversion of alcohol 27 into the allylic trichloroacetimidate, followed by the one-pot Overman rearrangement and RCM reaction with Grubbs' second-generation catalyst gave azepane 28 in 79% yield over the three steps. For this version of the onepot two-step process, we found that Grubbs' second-generation catalyst was much faster in completing the RCM reaction than was Grubbs' first-generation catalyst (12 hours versus 96 hours) and led to a more efficient process (79% overall yield versus 49% overall yield).
Directed epoxidation and regioselective reduction of azepane 28 followed by deprotection gave amino alcohol 29, the syn-stereoisomer of the core of balanol, a fungal metabolite and a potent inhibitor of human protein kinase C. 31 Higher analogues, such as 30, were also prepared. Directed dihydroxylation of azepane 28 with OsO 4 and TMEDA gave the all-syn-3-amidoazepane-4,5-diol as a single stereoisomer. Deprotection then gave 30 in high overall yield. Asymmetric syntheses of azepane 28 were demonstrated using (S)-and (R)-COP-Cl catalysts during the one-pot process to give the (R)-and (S)-enantiomers, respectively, both in 92% enantiomeric excess.
Scheme 11
A Directed Overman Rearrangement and Ring-Closing Metathesis Reaction Process
Having developed both an ether-directed Overman rearrangement and a one-pot two-step process involving this transformation, we wanted to investigate whether these two techniques could be combined to give rapid access to more highly functionalized products. A suitable substrate 32 was prepared in seven steps and 86% overall yield from (S)-glycidol (31; Scheme 12). 32, 33 An important step in this synthetic route involved a highly regioselective ring opening of the epoxide with allylmagnesium bromide and a copper(I) salt to introduce the alkenyl side chain and generate a secondary alcohol group that would ultimately lead to the directing group. Another key stage was the use of the one-pot Swern oxidation and HWE reaction under Masamune-Roush conditions, which permitted the preparation of an α,β-unsaturated ethyl ester in 99% yield, with the E-isomer as the sole product. 33 The one-pot ether-directed Overman rearrangement and RCM reaction process was then conducted by using bis(acetonitrile)palladium(II) chloride and Grubbs' first-generation catalyst (both at 10 mol%). 1 H NMR spectroscopy of the crude product mixture showed that it consisted of a 10:1 mixture of diastereomers. Column chromatography gave the major diastereomer 33 in 60% yield from the allylic alcohol 32. Although the level of diastereoselectivity for the directed Overman rearrangement was acceptable, the outcome did not match the levels of induction that we had observed for simpler MOM ether derived allylic trichloroacetimidates. We reasoned that the side-chain alkene might be interfering with effective coordination of the palladium(II) catalyst to the MOM group, as observed with other alkene-derived imidates. 32
Scheme 12
We then used the carbocyclic amide 33 in the preparation of 7-deoxypancratistatin analogues bearing a novel syn-(4aS,10bS)-phenanthridone ring junction (Scheme 13). 33 (+)-7-Deoxypancratistatin has been shown to have strong in vitro antiproliferative activity against a series of human tumor cell lines and has an excellent therapeutic index in antiviral assays. 34 We were therefore interested in preparing novel analogues that might also have significant biological activities. The phenanthridone skeleton was rapidly prepared from amide 33. Hydrolysis of the trichloroacetamide group and coupling with 6-bromopiperonylic acid (34) under standard conditions gave amide 35. A modified Heck reaction of 35 then allowed formation of the key C-C bond to give a (4R,4aS,10bS)-tetrahydrophenanthridin-6-one that underwent acid-mediated removal of the MOM protecting group to give the alcohol 36 in good overall yield. We intended to use alcohol 36 to explore oxidation processes of the cyclohexene ring to generate novel analogues of (+)-7-deoxypancratistatin. 33 Directed epoxidation of 36 with m-CPBA gave the all-syn-compound 37 as a single diastereomer in 75% yield. Dihydroxylation using OsO 4 and TMEDA proceeded by a nondirected mechanism to give diol 38 in 90% yield as a single diastereomer. The structure of this product was confirmed by X-ray crystallography. To better understand the outcomes of these reactions, we explored the likely reacting conformers of compound 36 by means of density functional theory (DFT) calculations. The optimized structure contained the cyclohexene ring in a partial chair conformation and, because of the cis-ring junction, this created a cavity with the other three rings. We proposed that the m-CPBA is small enough to fit into this cavity and can coordinate through a hydrogen bond to the amide functional group, resulting in a directed epoxidation. In the case of dihydroxylation, the complex formed from reaction of OsO 4 and TMEDA is too large to fit within this cavity, and so the reaction takes place from the least-hindered back face of the cyclohexene ring to give 38.
A One-Pot Three-Step Ruthenium(II) Tandem Catalytic Process
Development and Scope
Having optimized the one-pot two-step process and demonstrated that it could be used for the synthesis of a range of carbocycles and heterocycles, we strove to improve this process to include additional reactions for the preparation of more-complex compounds. We were particularly interested in using the transition-metal catalysts that were already present to effect these additional reactions. As outlined in Scheme 4, Itoh and co-workers demonstrated that allylic trichloroacetamides can undergo ruthenium(II)-catalyzed Kharasch cyclizations to give γ-lactams. 18, 35 Inspired by work from the groups of Schmidt, 36 Quayle, 37 and Snapper, 38 who showed that Grubbs' firstgeneration catalyst could be used for one-pot RCM and Kharasch reactions, we believed that the ruthenium(II) already present in our one-pot reactions might be used to catalyze a second reaction and to extend our process to a three-step sequence in which bicyclic γ-lactams could be formed from alkene-derived allylic alcohols.
Using (2E)-octa-2,7-dien-1-ol (11) to develop this process, we showed that, after the Overman rearrangement and the RCM reaction, heating the reaction mixture to 155°C initiated a Kharasch cyclization, resulting in the formation of the corresponding bicyclic [4.3.0] γ-lactam 8 as a single diastereomer (Scheme 14). 39
Scheme 14
In our initial development work, we investigated various amounts of catalyst and various reaction temperatures, but all these led to isolation of lactam 8 in yields of 60-70% over the four steps. However, we found that the addition of molecular sieves to the one-pot process resulted in a significant increase in yield to around 87%. The molecular sieves act as acid scavengers, removing the small amounts of HCl formed during the high-temperature Kharasch cyclization.
We then extended the scope of the one-pot three-step process to include the preparation of a range of bicyclic γ-lactams (Scheme 15). 39 By using the conditions shown in Scheme 14, the bicyclic [3.3.0] lactam 43 was easily prepared in 71% yield over the four steps. A one-pot synthesis of bicyclic [5.3.0] lactam 44 was also possible, but required a higher loading of Grubbs' first-generation catalyst for the RCM and Kharasch steps (25 mol%). We also showed that the asymmetric syntheses of lactams 8 and 43 could be achieved by using commercially available COP-Cl catalysts during the Overman rearrangement. These one-pot processes gave the major enantiomers in 89-94% ee.
In addition to the synthesis of carbocycle-based bicyclic γ-lactams, we were also interested in extending this process to include products containing additional heteroatoms. Suitably derived O-and N-substituted allylic alcohols 41 and 42 were prepared from ethylene glycol and glycine, respectively, and, although these did give the corresponding bicyclic [4.3.0] lactams 45 and 46, the yields over the four steps were generally poor (19-36%). Frustrated by these results, we examined each step and found that the low yields were due to an inefficient Overman rearrangement in which the activity of the palladium(II) catalyst was suppressed by coordination to the heteroatom and the side-chain alkene. To overcome this 
A Microwave-Mediated One-Pot Three-Step Process
Although a thermal Overman rearrangement permitted the one-pot synthesis of bicyclic [4.3.0] lactams 45 and 46 in good overall yields, the process suffered the drawback of a long reaction time. 39 Whereas palladium(II)-catalyzed Overman rearrangements can proceed to completion within a few hours at room temperature, thermal Overman rearrangements can take significantly longer. For example, the thermal Overman rearrangement that led to bicyclic [4.3.0] lactam 46 was performed at 140°C and took 136 hours.
As most of the steps of this one-pot process now involved heating, we proposed that performing the entire process in a microwave reactor might accelerate the preparation of the products. 40 By using silicon carbide passive heating elements (PHEs) to help with the transfer of microwave energy in our optimized solvent, toluene, 41, 42 we conduct-ed the entire one-pot three-step process for the preparation of bicyclic [4.3.0] lactam 46 with microwave heating (Scheme 16). We were pleased to find that the entire process could be completed in three hours. We conducted a general study to compare the two approaches for the preparation of bicyclic γ-lactams and, in all cases, as well as being much faster, microwave heating gave the products more cleanly and more reproducibly than did standard thermal methods.
A One-Pot Three-Step Process Involving a Ring-Closing Enyne Metathesis and a Diels-Alder Reaction
Synthesis of Substrates
Our next objective was to extend the concept of one-pot multi-reaction processes to include other transformations that would permit the generation of more-complex structures. We felt that this could be achieved simply by changing the side chain of the allylic alcohol from an alkene to an alkyne (Scheme 17). The Overman rearrangement of such a compound should give an allylic trichloroacetamide that would undergo a ring-closing enyne metathesis (RCEYM) reaction. We proposed that the resulting exodiene might then be trapped by a range of dienophiles in a Diels-Alder reaction. This one-pot multi-reaction multiple bond-forming process should allow C-1 amino-substituted bicyclic compounds with up to four contiguous stereogenic centers to be prepared from simple linear allylic alcohols.
Scheme 17
As with our previous one-pot multi-reaction substrates, we wanted to be able to obtain the alkyne analogues easily and efficiently. Therefore, a similar two-pot synthetic approach was developed (Scheme 18). 43 Two substrates were initially prepared from pent-4-yn-1-ol (48) The one-pot multi-reaction process was then investigated by using (2E)-octa-2-en-7-yn-1-ol (53) with N-phenylmaleimide as the dienophile (Scheme 19). 43 Initially, allylic trichloroacetimidate 54 was prepared under standard conditions. On optimizing the various steps, we found that the most efficient process involved a thermally mediated Overman rearrangement at 140°C, followed by an RCEYM reaction with Grubbs' first-generation catalyst (10 mol%) at 75°C and, finally, a Diels-Alder reaction with N-phenylmaleimide at 111°C. This gave the substituted tetralin derivative 57 in 72% overall yield from allylic alcohol 53. Furthermore, we were surprised by the isolation of the product as a single diastereomer, as we had ex-pected to obtain a mixture of two diastereomeric endoproducts. However, NOE experiments confirmed the exclusive formation of tetralin 57, with a syn-relationship of the hydrogen atoms at C-1, C-7, C-8, and C-8a. We suspected that a hydrogen bond between the amide hydrogen and the maleimide oxygen atom might be responsible for directing the Diels-Alder reaction (58; Scheme 19) . Evidence of this was found by repeating the Diels-Alder reaction of 56 with N-phenylmaleimide in methanol, which gave a 1:1 mixture of the two endo-diastereomers in 87% isolated yield. Additional evidence was gained from a DFT computational study, which showed that the syntransition state was stabilized by our proposed hydrogen bond with an energy difference of approximately 10 kJ mol -1 .
Note that Overman rearrangement of 54 during this onepot multi-reaction process could be catalyzed by a palladium(II) complex; however, a high catalyst loading (20 mol%) was required for an efficient transformation. We believe that the complications involved in the palladium(II)-catalyzed rearrangement are similar to that observed with the imidate intermediates for bicyclic γlactams 45 and 46, in that the catalyst coordinates to functional groups in the side chain.
Application of the Synthesis for C1-Amino-Substituted Indanes and Tetralins
The scope of our highly diastereoselective multistep reaction process involving a thermally mediated Overman rearrangement was explored for the two allylic alcohols 52 and 53 with a range of dienophiles (Scheme 20). 43 The process gave a diverse series of C-1 amino-substituted partially saturated tetralin and indane structures incorporating a range of functional groups. In all cases, the hydrogen-bonding-directed Diels-Alder reaction generated the final compounds in high diastereoselectivities, permitting the isolation of compounds 59-65 in good yields over the four steps. In this part of the study, we obtained further evidence for hydrogen bonding between the diene and dienophile by using nonsymmetric dienophiles, such as methyl acrylate. As well as producing adducts 61 and 65 in excellent diastereoselectivities, a single regioisomer was formed exclusively via the hydrogen-bonded intermediate. Interestingly, cyclohexadiene 62 was generated from the reaction of 56 with 1,4-naphthoquinone, presumably by air oxidation of the initial Diels-Alder adduct.
Development of a Two-Pot Reaction Process
Having developed our one-pot multistep reaction process, we wished to extend it to include additional reactions. The unexpected formation of cyclohexadiene 62 suggested that one obvious extension might be the Diels-Alder reaction of the cyclic dienes with a range of 1,4-quinones or alkynes to form the cyclohexadienes with subsequent oxidation to give the corresponding aromatic compound (Scheme 21). In particular, we were interested to discover whether oxidation conditions were compatible with the preceding steps in a one-pot process. An additional motivation for developing this extended process was that the aromatic indane and tetralin products are commonly found in a wide range of important pharmaceutical agents. [45] [46] [47] 
Scheme 21
Our initial attempts to extend the one-pot multi-reaction process to include an oxidation step after a Diels-Alder reaction with 1,4-benzoquinone were promising, giving the final product in good yields. However, in trying to develop a general process for the preparation of a diverse library of indanes and tetralins, we found that the reaction mixtures were generally difficult to purify, resulting in moderate yields over the five steps. We therefore decided to generate these privileged structures by using a two-pot multi-reaction strategy. The first one-pot process involved the Overman rearrangement and an RCEYM reaction to give the cyclic exo-dienes. This was followed by a second one-pot process that involved the Diels-Alder reaction and the oxidation step.
A one-pot multistep process was quickly developed for the preparation of carbocyclic dienes 56 and 66, which were obtained in excellent yields over the three steps (Scheme 22). 48 During our early investigations of the Diels-Alder reactions of 56 with alkynes, we found that only a limited number of particularly electron-deficient dienophiles provided adducts in good yields. Therefore, in an attempt to broaden the diversity of compounds formed during this process, we also investigated the synthesis of heterocyclic dienes 67 and 68. Preparation of the required allylic alcohols, subsequent imidate formation, and Overman rearrangement proceeded in high yields without any problems. However, slow RCEYM reactions were observed, leading to low overall yields. To overcome this problem, we added octa-1,7-diene to these reactions to generate ethylene in situ. 49 For the syntheses of both dihydropyran 67 and tetrahydropyridine 68, this modification gave greatly improved yields at standard catalyst loadings.
Scheme 22 a The RCEYM reaction was performed at 90°C in the presence of octa-1,7-diene. b The RCEYM reaction was performed by using the Hoveyda-Grubbs second-generation catalyst (5 mol%).
In developing the second one-pot process, we found, as predicted, that relatively few alkynes would undergo a Diels-Alder reaction with dienes 56 and 66-68. 48 Nevertheless, the electron-deficient alkynes diethyl acetylenedicarboxylate and methyl propiolate did give the corresponding dihydrobenzenes in good yields (Scheme 23). Completion of the one-pot process by oxidizing these intermediates with DDQ gave the corresponding indanes and tetralins in good yields over the two steps. As in previous Diels-Alder reactions of dienes 56 and 66, reaction with nonsymmetrical dienophiles gave the corresponding products (e.g., 72) as single regioisomers, again through a hydrogen-bonding-directed process. The Diels-Alder reaction of the cyclic exo-dienes with 1,4-quinones was found to be more general, permitting the preparation of a diverse library of novel indanes and tetralins (Scheme 24). 48 In this one-pot two-step process, a Diels-Alder reaction under standard thermal conditions was found to be more efficient with 1,4-benzoquinones. The oxidation step proceeded more readily with manganese dioxide as oxidant, except for heterocyclic analogues (e.g., 75 and 77), where benzylic oxidation was also observed. In these cases, DDQ provided the aromatic analogues in good yields. Furthermore, we found that the Diels-Alder reaction of the dienes with nonsymmetrical 1,4-quinones, such as 2-tert-butyl-1,4-benzoquinone, gave the products as single regioisomers (e.g., 76 and 77). We wanted to expand the scope of this process to include the synthesis of heteroaromatic compounds through a Diels-Alder reaction of dienes 56 and 66 with electrondeficient nitriles (Scheme 25). 48 We proposed that the inherent polarization of the nitriles would result in a regioselective reaction to give dihydropyridines that could then be oxidized to the corresponding pyridines. 48 Examination of the 1 H NMR spectrum of the crude reaction mixture from the Diels-Alder reaction of 56 with ptoluenesulfonyl cyanide showed that significant quantities of the pyridine were already present. Therefore, subsequent reactions were performed at slightly higher temperatures (160°C instead of 115°C) to give pyridine 80 in 54% yield without the need for an oxidation step. Reaction with other nitriles, such as ethyl cyanoformate or trichloroacetonitrile, gave the corresponding pyridines directly in good yields and as single regioisomers. Aromatization of the dihydropyridine formed from reaction of 56 with trichloroacetonitrile proceeded by loss of HCl followed by a 1,3-hydride shift to give the 2-(dichloromethyl)pyridine 81 in 67% yield.
Scheme 25 a The reaction was performed at 125°C Overall, despite the limited reactivity of the cyclic exo-dienes with some disubstituted alkynes, a novel and diverse library of C-1 amino-derived indanes and tetralins, incorporating a range of substituents and functional groups, were prepared from electron-deficient alkynes, 1,4-quinones, and nitriles.
Conclusions
With the continual drive by academic and industrial chemists to generate complex intermediates and targets from simple starting materials, we believe that the development and utilization of one-pot, multi-reaction, multiple bond-forming processes will find widespread application in synthetic chemistry. New discoveries continue to be reported, such as the elegant synthesis of 3,4dihydroquinolinones recently described by Lautens and co-workers, which involved the first one-pot, triple metalcatalyzed process. 50 In our own research, we have been able to show that reactions involving palladium(II) and ruthenium(II) catalysts can be performed in a single flask. We have also been able to combine these processes with additional multiple bondforming reactions in which one of the transition-metal complexes catalyzes a second transformation. Furthermore, we have been able to extend these processes to include Diels-Alder reactions, resulting in the rapid generation of significantly more-complex structures with up to four contiguous stereogenic centers. However, as demonstrated by our attempts to engineer a general onepot synthesis of indanes and tetralins from alkyne-derived allylic trichloroacetimidates, there are limitations to this approach. Only certain types of reaction can be combined to permit highly efficient formation of advanced intermediates. Nevertheless, as we continue to improve our understanding of these limitations, the development of synthetic routes that utilize one-pot multi-reaction processes will accelerate advances in medicinal chemistry and in total synthesis.
